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ABSTRACT 

We present the morphology and linear polarization of the 22-GHz H2O masers in the 
high-velocity outflow of two post-AGB sources, d46 (IRAS 15445-5449) and b292 (IRAS 
18043—21 16). The observations were performed using The Australia Telescope Compact Ar- 
ray. Different levels of saturated maser emission have been detected for both sources. We also 
present the mid-infrared image of d46 overlaid with the distribution of the maser features 
that we have observed in the red-shifted lobe of the bipolar structure. The relative position of 
the observed masers and a previous radio continuum observation suggests that the continnum 
is produced along the blue-shifted lobe of the jet. It is likely due to synchrontron radiation, 
implying the presence of a strong magnetic field in the jet. The fractional polarization levels 
measured for the maser features of d46 indicate that the polarization vectors are tracing the 
poloidal component of the magnetic field in the emitting region. For the H2O masers of b292 
we have measured low levels of fractional linear polarization. The linear polarization in the 
H2O maser region of this source likely indicates a dominant toroidal or poloidal magnetic 
field component. Since circular polarization was not detected it is not possible to determine 
the magnetic field strength. However, we present a 3-er evaluation of the upper limit intensity 
of the magnetic field in the maser emitting regions of both observed sources. 
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1 INTRODUCTION 

Post-Asymtoptic Giant Branch (post-AGB) stars represent a very 
short phase in the evolution of low and intermediate initial mass 
stars (M* < 9Mq). During the post-AGB phase, the high mass- 
loss rate (10~ 7 — 10 -4 MQyr -1 ) observed at the end of the Asym- 
toptic Giant Branch (AGB) evolution decreases. Simultaneously, 
the effective temperature of the central star increases, while the 
circumstellar envelope (C SE) slowly detaches from the star (see 
lHabing & Olofssonll2003l for a review). The post-AGB phase ends 
when the central star is hot enough to ionize the material which 
was ejected f rom the AGB phas e, forming a new Planetary Neb- 
ula (PN) (e.g. Ivan Winckelll2003l) . It is generally assumed that the 
mass-loss process along the evolutio n in the AGB is spherically 
symmetric (Habing & Olofsson 2003). However, a high percentage 
of PNe have been observed showing aspherical symmetries that in- 
clude elliptical, bipolar or multipolar shapes. It is still not clear 
at what point in the evolution toward a PNe the departure from 
the spherical symmetry starts and even more importantly, what the 
physical processes involved to form the complex shapes observed 
are. Companion interactions, binary sources, magnetic fields, fast 
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and slow wind interaction, disks and a combination o f these have 
been considered as the main factors to shape PNe (e.g. Sah ai et alj 
1201 lllBalick & Fr ank 2002 and references therein). 
Hydroxyl (OH) and Water (H2O) maser emission have been ob- 
served in the CSE of the progenitors of the (pre-)PNe. Typically, 
for spherically symmetric CSEs, the double peak spectra of the OH 
masers defines the most blue- and red-shifted velocities in the CSE 
with respect to the stellar velocity. The velocity range of the H2O 
maser spectra is narrower than the OH velocity distribution, and 
the H2O masers are confined closer to the central star. A class of 
post-AGB stars, the so called "Water Fountains", is characterized 
by the detection of H2O maser emission over an unusually large 
velocity range br oader than the velocit y range defined by the OH 
maser emission jLikkel&Morriill988l) . Sources with H2O maser 
velo city spread over a range of > 100km s" 1 have been detected 
(e.g.lLikkel & Morrisll 19881 iDeacon et alfeool IWalsh et alj|2009l 
iGomez et alj|201 lh . Those H2O masers have been observed in re- 
gions where the interaction between the high-velocity outflow and 
the slow AGB wind seems to be active, hence the H2O masers are 
probably excited in the post-shock region. Recent infrared imaging 
of wat er fountains have re v ealed bipolar and mult ipolar morpholo- 
gies dLagadec et a i] |201lh . Iviemmings et"al] |2006) have detected 
circular and linear polarization in the H2O maser features along the 
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jet of W43A, the archetypal water fountain. They found that the jets 
of W43A are magnetically collimated. Therefore, the detection of 
polarized maser emission from water fountains is useful to deter- 
mine the role of the magnetic fields on the onset of wind asymme- 
tries during the evolution from AGB stars to aspherical PNe. 
Here we report the detection of linear polarization of 22-GHz H2O 
maser emission from two water fountains d46 and b292 (IRAS 
15445-5449, IRAS 18043-2116). 



2 OBSERVATION AND DATA REDUCTION 

The Australia Telescope Compact Array (ATCA) was used to ob- 
serve the H2O maser emission from d46 (IRAS 15445—5449) on 
2006 November 28-30 using the 6B array configuration, and b292 
(IRAS 18043-2116) on 2007 July 6-9 with the 6C array config- 
uration. The full track of observations of d46 was 8 hr, consisting 
of observations of the source interspersed with scans on the phase 
calibrator 1613—586. Later, b292 was observed over 16 hr, and 
likewise, its observations were interleaved with a phase reference 
source, 1730—130. The primary flux calibrator source, 1934—638, 
was observed during each observation program. The flux density of 
1934-638 at 22.2-GHz was taken to be 0.81 Jy. Both observations 
were performed in full polarization mode, with rest frequency of 
22.23508-GHz, using 4-MHz bandwidth with 1024 spectral chan- 
nels, covering a velocity width -~50 km s - and a velocity reso- 
lution of 0.05 km s - . Before starting the full observations, some 
snapshots were carried out, for each source, to determine at what 
range of velocity the brightest emission occurred. As we could not 
cover the entire velocity range, the observing bands were centered 
on the brightest emission peak. 

The data reduction w as performed using the MIRIAD package 
( ISault&Killeed2O10h . After flagging bad visibilities, the flux den- 
sity for each phase calibrator was determined using the flux den- 
sity of primary flux calibrator. We obtained flux densities of 1.83 
Jy and 2.83 Jy for 1613-586 and 1730-130 respectively. Both 
sources were used to perform the polarization calibration as well 
as to determine amplitude and phase solutions, which were applied 
to the corresponding target data set. For polarization analysis, im- 
age cubes for stokes I, Q, U and V were created. The resulting 
noise level in the emission free channels of the I cube of d46 was 
~37 mjy beam -1 , whereas that of b292 was ~13 mjy beam -1 . 
The stokes I image cubes were analysed using the AIPS task SAD, 
which was used to fit, channel by channel, all the components 
with peak flux densities higher than five times the rms with two- 
dimensional Gaussians. Only those maser features found in at least 
five consecutive channels were considered reliable detections. The 
Right Ascension and Declination for the maser features were cal- 
culated as the mean position for each set of consecutive channels. 
Figure[T]shows the H2O maser spectra for both sources. 



3 RESULTS 

In TableQ] we present the results of the analysis of the H2O masers 
features of d46 and b292. We list the peak intensity, the position 
as RA and DEC, LSR velocity (Vi sr ), fractional linear polariza- 
tion (pl) and polarization angle (x). In Figure|2]we show a map 
of the H2O maser regions for both observed sources. The size 
of each feature is scaled according to the peak intensity, the ra- 
dial velocity is colour-coded and the vectors show the polariza- 
tion angles. We have identified twenty H2O maser features for 



d46, with emission detected at velocities from —97.3 kms -1 
to —137.6 kms - 1 , red-shifted respe ct to the systemic velocity 
~ —150 km s -1 dDeacon et al.ll2007h . Fractional linear polariza- 
tion has been detected for five of the twenty features, particularly 
for the most blue-shifted features, with levels from 2.9 ± 0.5 per 
cent to 8.3 ± 0.9 per cent. No significant circular polarization was 
detected. 

Ten H2O maser features have been identified in our observa- 
tion of b292, with emission at v elocities from 44.7 kms -1 to 
79.8 kms" 1 . IPeacon et alj Jiboj) have derived the systemic ve- 
locity of the source from the double-peaked 1665-MHz spectrum, 
obtaining a stellar velocity of 87.0 km s - . Thus, because of the 
limited bandwidth, our observation was restricted to blue-shifted 
velocities only. Fractional linear polarization was detected only for 
the two brightest features. As presented in table Q] not only are 
the fractional linear polarization levels for both features almost the 
same, but so is the polarization angle. As was the case for d46, no 
significant circular polarization was detected. 



4 DISCUSSION 

4.1 d46 (IRAS 15445-5449, OH326.530~00.419) 
4.1.1 Previous Observations 

According to the MSX ([8- 12], [15-21]) and IRAS 
([12— 25], [25— 60]) two-colour diagrams, d46 has been clas- 
sified as a highly-evolve late post-AG B object jSevenster] l2002t 
IPeacon et al1l2004 iBains et alj|2009l) . After 22-GHz H 2 maser 
emission was detected with a velocity range beyond th at of the OH 
mase rs, it was classified as a water fountain source jPeacon et al.l 
120071) . 

Both main-line and 1612-MHz OH maser emission have bee n 
detected toward d46 iSevenster etaflll997bl . IPeacon et aT]|2004l) . 
Based on the irre gular line profile of the three lines detected, 
IPeacon et alj d2004l) suggested that the source was likely a bipolar 
object, since irregular OH maser profiles are associated with 
sources that almost certainly have bipolar outflows and a remnant 
AGB wind. This hypothesis was confirmed by the Mid-infrared 
images (11.85 and 12.81 (im) of the source, obtaine d with 
VISIR/VLT and recently published by Laga dec et alj d201 lh . From 
the images the bipolar structure of the object is clear, with dust 
emission around the jet lobes. Indeed, the infrared photometry 
and the IRAS LRS data reported in the literature ( Bai ns et al.1 
2009, lLagadec et ail 1201 ll) show that the contribution at short 
wavelengths, which is due to the photospheric component, is 
still weak and the double-peaked infrared SED, characteristic 
of post-AGB objects, is mainly dominated by the dust emission. 
Therefore , the central star is surrounded by an optically thick 
structure l lLagadec et al.ll201l1) which could be a dense equatorial 
torus. 

Non-therma l radio continuum emission has been detected at 3, 6 
and 13 cm dCohen et alll2006l IBains et alj|2009l) with significant 
flux variation am ong the obse rvations (spectral index a ~ —0.8 
ICohen et alj|200d a « -0.34 lBains et al.l f2009). Such detections 
have been associated with synchrotron emission produced by 
shocks between the high-velocity wind and the slow AGB rem- 
nant. The flux variation has been interpreted as episodic shocks 
between both wind components. 
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Figure 1. The observed section of the H 2 maser spectra for: d46 (IRAS 15445-5449), and b292 (IRAS 18043-21 16). The velocity width of 
the spectra was limited by the bandwidth available at the ATCA at the time of our observations. The observations were centered on the brightest 
emission peak. 
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Figure 2. H2O maser region of d46 (left) and b292 (right). The offset positions are with respect to the reference position indicated in table 
[T], which are the brightest maser spots in each region. The vectors show the polarization angle, whose length is scaled according the linear 
polarization fraction. The horizontal bar at the bottom of each image sets 5 per cent (d46) and 1.5 per cent (b292) of linear polarization fraction. 



4.1.2 The Hi O masers 

We have observed H2O maser features only from the red-shifted 
velocities with respect to the OH maser featu res, which are cen- 
tered at ~ —150 kms -1 foeacon et al ]Hoo3). The brightest fea- 
tures were detected between —115.0 and —140.0 km s _1 , consid- 
ering the overlapped region, the overall H2O spectru m that we have 
detect ed is quite similar to the spectrum detected bv lDeacon et al.l 
d2007h . although as expected with some difference of the flux den- 
sities. Figure [2] (left) shows that the projected spatial distribution 



of the H2O maser features resembles a bow- s hock- like structure, 
similar to that observed bv lBoboltz & Marvell d2005l) for the water 
fountain OH 12.8-0.9. Figure [3] (left) shows both the OH and ra- 
dio continuum positions with respect to the projected distribution 
of the 22-GHz H2O maser features that we have detected. The solid 
circle represents the uncertainty on the OH position, the error bars 
show the accuracy of the radio continuum position, whereas the er- 
ror on the H2O maser position of each feature is within the size 
of the symbols. The offset of the radio continuum position with 
respect to that of the H2O maser agrees very well with the mid- 
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Table 1. Maser features. 



d46(IRAS 15445-5449) 





Peak Intensity 


RA 


DEC 


V 


P L 


X 


Feature 


(Jy beam~ } 


(15 48X) 


(-54 58 X) 


(kms -1 ) 


(per cent) 


(deg) 


1 


11.662 


19.4063 


20.165 


-137.6 


4.1 ± 0.6 


-73.0 ± 1.6 


2 


2.055 


19.4064 


20.155 


-136.5 


7.5 ± 0.7 


-40.7 ± 4.6 


3 


0.909 


19.4025 


20.099 


-129.9 


- 


- 


4 


0.537 


19.4086 


20.090 


-128.9 


- 


- 


5 


5.021 


19.3972 


19.942 


-123.8 


- 


- 


6 


9.077 


19.4032 


20.069 


-120.4 


3.4 ± 0.9 


-51.6 ± 13.1 


7" 


11.883 


19.4038 


20 083 


— 119 5 


2.9 ± 0.5 


— 56 5 4- 4 8 


8 


10.334 


19.4029 


20.057 


-116.1 


8.3 ±0.9 


83.4 ± 2.7 


9 


0.351 


19.3950 


19.922 


-114.9 






10 


0.735 


19.3736 


19.363 


-113.2 






11 


0.820 


19.4012 


20.041 


-110.8 






12 


1.166 


19.3994 


19.997 


-109.5 






13 


1.380 


19.3897 


19.977 


-108.4 






14 


2.055 


19.4011 


20.01 1 


-106.4 






15 


1.619 


19.3960 


19.898 


-105.3 






16 


2.201 


19.3564 


19.933 


-104.2 






17 


2.606 


19.3912 


19.851 


-102.8 






18 


2.922 


19.3598 


19.889 


-100.3 






19 


7.142 


19.3593 


19.858 


-98.6 






20 


3.209 


19.3601 


19.824 


-97.3 






b292 (IRAS 18043-2116) 




Peak Intensity 


RA 


DEC 


Vlsr 


Pl 


X 


Feature 


(Jy beam -1 ) 


(18 07 X) 


(-21 16 X) 


(kms- 1 ) 


(per cent) 


(deg) 


1 


2.820 


20.8484 


11.845 


44.7 






2 


0.751 


20.8485 


11.891 


47.7 






3 


0.240 


20.8500 


11.886 


54.3 






4" 


11.206 


20.8480 


11.860 


60.8 


1.3 ± 0.2 


-4.2 ± 4.9 


5 


10.821 


20.8485 


11.865 


62.9 


1.5 ± 0.2 


-6.8 ± 7.3 


6 


0.942 


20.8483 


11.844 


69.4 






7 


0.500 


20.8488 


11.835 


72.0 






8 


1.023 


20.8477 


11.838 


74.3 






9 


0.667 


20.8484 


11.880 


77.6 






10 


0.163 


20.8476 


12.040 


79.8 







Reference features in figure[2]and[3] 



infrared image, and it seems likely that both emitting region are at 
different points along the jet. In fact, since the H2O maser features 
have been produced at the red-shifted side of the jet, the position 
of the radio continuum could be related to the position of the cen- 
tral star. But, because the sp ectral index of the radio continuum 
implies non-thermal emission dDeacon et al .120071) it is more likely 
synchrotron radiation produced at a region along the jet. This sug- 
gests the presence of a strong magnetic field along the axis defined 
by the direction of the high- velocity outflow. In Figure [4] we show 
the Mi d-Infrared image of d46 recently published by Lagad ec"et al.l 
J201 lb . The corrected position of the center of the mid-infrared im- 
age is RA 15 48 19.420, DEC -54 58 20.100, with an error circle 
of radius 2 arcsec (Lagadec, private comunication). Thus, as the 
relative positions are not known accurately enough, for illustration 
we have overlaid the H2O maser features with the red-shifted lobe. 
The offset of the continuum emission suggest that it could arise 
from the blue-shifted lobe, as an effect of a strong magnetic field, 
as mentioned above. Although the error of the OH position encloses 
part of the blue-shifted lobe, it is likely produced in the outer shells 



of the CSE where the gas has been accelerated to high velocities 
through wind- wind collisions. 



4.1.3 Magnetic field 

Two of the maser features were detected to have a high percentage 
of linear polarization (pz, > 5 per cent), which likely is a result o f 
maser emission in the saturated regime dVlemmings et alj|2006h . 
For H2O masers, the percentage of linear polarization depends on 
the degree of saturation of the emiting region and on the angle (9) 
between the direction of the maser propagation and the magnetic 
field lines. Additionally, there is a critical value # cr it, such that if 
< #crit = 55°, the polarization vectors are parallel to the mag- 
netic field lines, otherwise they both are perpendicular. Accord- 
ing to the pl levels measured, the polarization vectors in figure 
[2] should be perpedicular to the magnetic field lines. The vectors 
then appear to trace the poloidal field component, ie, along the di- 
rection of the high-velocity outflow. We did not detect circularly 



H 2 Maser Polarization of the Water Fountains IRAS 15445-5449 and IRAS 18043-2116 5 




1000 500 -500 -1000 500 -500 
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Figure 3. The image in the left shows the position o f the radio continuum emission (triangle with error bars) jBains et ali 2009), the OH position 
(star) and its uncertainty (arc) (Deacon et al. 2004) with respect to the H2O maser features that we have detected for d46. In the same way, the 
right image shows the OH position (star with four peaks) and its uncertainty (arc) relative to the H2O maser features from our analysis for t>292 



polarized emission. As the masers are relatively weak the resulting 
3-er magnetic field limit is high, B11 < 470 mG. 



4.2.2 The H2O masers 



4.2 b292 {IRAS 18043—2116, OH009. 1-0.4) 
4.2.1 Previous Observations 

According to it s position cm the ([8]-[12],[15]-[21]) MSX two- 
colour diagr am dSevensterj2002l). b292 is likely t o be a young post- 
AGB object dSevensterj2002L I Deacon et al. 2004) . This source was 
confirmed as a water fountain by iDeacon et alj (2007), who have 
detected 22-GHz H2O maser emission over a wide ve locity range 
of w 2 10 km s -1 . In later observations performed bv lWalsh et al.l 
J2009I) H2O maser emission over the even larger velocity range of 
398 kms -1 has been detected, one of the largest velocity spread 
in any Galactic H2O maser source. Until the recent observation of 
iGomez et ai]j20T ]]), it was the water fountain with the largest range 
in H2O maser velocities. In addition, b292 was the first post-AGB 
object di scovered with emission from the 1720-MHz OH satel- 
lite line dSevenster & Chapman! fcOQll) . The 1720-MHz OH tran- 
sition is produced in regions with special conditions of tempera- 
ture and density and it is often associated with both Galactic star- 
formi ng regions (SFRs) and Supernova remnants dLockett et al.l 
1999). Its detection is interpreted as an indicator of the existence of 
C-shocks in the emitting regions. The detection of OH maser emis- 
sion at 1665-MHz and 1612-MHz associated with the position of 
the 1720-MHz maser region did confirm tha t all the OH maser tr an- 
sitions are related to the same stellar source ( Deacon et alj2004l) . In 
fact, the position offset from t he 1665-MHz and 1612-MHz emit- 
ting re^ionj^_Je^jlKjn_0.3'' 1 Sevenst er & Chapman 2001). Nei- 
ther ISevenster & ChapmarJ d200ll) nor IDeacon et ail d2004l) have 
detected the OH 1667-MHz maser transition, which is unusual for 
a source having maser emission at 1665-MHz. 



As mentioned above, IWalshetalJd2009l) have detected H2O maser 
emission at both blue-shifted and red-shifted velocities relative to 
the systemic velocity. The projected spatial distribution and posi- 
tion of such featur es within the same velocity range (e.g. Figure 2 of 
IWalshetal.1 12009)) is quite consistent with the projected position 
of those features that we have detected (Figure[2j. But, considering 
that the observations were carried out with a time period of almost 
a year in between, it is important to point out the strong variability 
of the maser flux intesity. In our spectra (figure \Tjri eht) t here is no 
maser emission at 53.1 kms -1 , while lWalsh et al.l 1 2009b detected 
the brightest peak at that velocity. Besides, they have detected our 
brightest feature at only a half the inte nsity. 

As pointed out bv lWalsh et alj d2009). the spread in the projected 
distribution of the maser features with the most extreme velocities 
could be caused by a very small angle betw een the jet propagation 
directi on and the line-of-sight. In addition, ISevenster & Chapman! 
(2001) have pointed out that the lack of a second (red-shifted) peak 
of the 1720-MHz OH maser emission might be because the line-of- 
sight is almost parallel to the jet propagation direction. Although 
high-resolution images have not been obtained, we can thus as- 
sume that we are l ooking at the emerging jet almost pole-on. From 
Walsh et al. (2009), the projected orientation in the sky of the jets is 
East-West. The 22-GHz H2O maser transition is probably excited 
by the shock front of the hi gh-velocity outflow , which hits the slow 
expanding AGB envelope. ISurcis et al.l d201 1!) have reported detec- 
tion of 22-GHz H2O maser emission produced in regions under C- 
shock conditions in a high mass SFR. In late-type stars, C-shocks 
should be produced at the tip of the emergent outflows, whereas the 
post-shock region seems to achieve the necessary conditions to pro- 
duce the 1720-MHz OH maser emission. Figure [3] (rig ht) indicates 
the position of the OH maser reported bv lSevenster et al.1 {l997a) 
relative to the 22-GHz H2O maser features identified in our anal- 
isys. The uncertainty of the OH maser position is represented by 
the solid circle. 
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diation, indicating the potential presence of a significant magnetic 
field in the jet. Circular polarization was not detected, and we can- 
not infer the magnetic field strength along the line-of-sight to better 
than a 3-a limit of \Bu\ < 470 mG for d46. New polarization ob- 
servations, including that of the radio continuum emission and a 
broader velocity range of the H2O spectrum could give accurate 
measurements of the magnetic field strength along the jets of d46. 
For the H2O of b292 we have measured low pl levels, and the po- 
larization vectors could be either parallel or perpendicular to the 
magnetic field lines projected on the sky plane. In fact, the projec- 
tion of the jets in the sky is likely East-West, and the polarization 
vectors could be associated to either the poloidal (i.e. East-West) or 
toroidal (i.e. North-South) component of the B-field. Also in this 
case, no significant levels of circular polarization were not detected. 
The 3-a upper limit for the magnetic field strength, is |_B|| | < f 75 
mG. 




Figure 4. H2O maser and ra dio continuum position overlaid on the mid- 
infrared image published by Lagadec et al. (2011). For illustration, we 
have shifted the mid-infrared image, within the 2 arcsec of uncertainty 
of its position, in order of align the H2O maser features with the red- 
shifted side of the high-velocity outflow. 



4.2.3 Magnetic field 

The fractional polarization level detected for the brightest features 
is low (< 5 per cent) and corresponds to non-saturated H2O maser 
emission. Consequently, the polarization vectors could be either 
perpendicular or parallel to the magnetic field component projected 
in the sky plane. Considering the projected jet direction is East- 
West, this implies that the B-field is either almost exactly paral- 
lel or perpendicular to the jet. The field in the H2O maser re- 
ion of b292 is thus p otentially toroidal, as observed for W43A 
Vlemmings et alj2006l) or poloidal as seen in d46. Significant lev- 
els of circular polarization were not detected. The 3-a upper limit 
for the field strength is \Bn \ < 175 mG. 



5 CONCLUSIONS 

We have used the ATCA to observe high-velocity H2O emission 
from two late-type stars, d46 and b292. We have presented new 
high angular resolution images of the H2O maser emission in parts 
of the jet and measured linear polarization for both sources. The 
first H2O maser maps of d46 show a bow-shock morphology sim- 
ilar to that of OH 12.8—0.9. According to the level of pl that we 
have measured, the maser emission is in the saturated regime, and 
the polarization vectors should be perpendicular to the magnetic 
field lines, which consequently are the poloidal component. In Fig- 
ure [4] we have overlaid the position of the masers with the red- 
shifted lobe of the je t on the mid-infrared VLTI image of d46 from 
lLagadec et al.l d201 ll) . The relative position of the radio continuum 
emission with respect to those maser features suggest that it is aris- 
ing from the blue-shifted lobe and is likely due to synchrotron ra- 
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